Abstract: This study presents a novel method for estimating the phosphor conversion efficiency of white light-emitting diodes (WLEDs) with different ratios of phosphors. Numerous attempts have been made for predicting the phosphor conversion efficiency of WLEDs using Monte Carlo ray tracing and the Mie scattering theory. However, because efficiency depends on the phosphor concentration, obtaining a tight match between this model and the experimental results remains a major challenge. An accurate prediction depends on various parameters, including particle size, morphology, and packaging process criteria. Therefore, we developed an efficient model that can successfully correlate the total absorption ratio to the phosphor concentration using a simple equation for estimating the spectra and lumen output. The novel and efficient method proposed here can accelerate WLED development by reducing costs and saving fabrication time.
Introduction
Recently, light-emitting diodes (LEDs) have gained considerable attention because of their long-lifetime, high-efficiency, and energy-saving properties which make them good candidates for solid-state lighting [1] [2] [3] . White LEDs (WLEDs) through epitaxy using GaN-based chips have demonstrated great improvements in efficiency [4] [5] [6] [7] [8] . The basic concept underlying WLED fabrication involves coating blue LEDs (BLEDs) with a yellow light-emitting color-conversion element, such as phosphors or organic dyes. This has become the most common approach for white light generation [9] . To achieve different color gamut, color rendering index (CRI), light quality, and efficiency specifications for various applications, many novel phosphors that increase the efficiency or color performance of LEDs have been developed [10] [11] [12] [13] . Among the several phosphors for LED applications, yttrium aluminum garnet (YAG)-, silicate-, and nitride-based phosphors are used most widely in WLEDs because of their well developed fabrication processes and outstanding features. Several studies have focused on optimizing the package design of LEDs to improve their efficiency and color quality. The parameters of the LED packaging depend on the type of phosphor and dopant concentration used. These properties considerably affect the LEDs' efficiency, correlated color temperature (CCT), and CRI [14] [15] [16] [17] . For practical applications, simulating the spectrum or chromatic performance of LEDs under various design conditions is necessary. Many researchers have investigated models based on Monte Carlo ray tracing combined with the Mie scattering theory [18] [19] [20] [21] [22] [23] . However, accurate prediction results have been difficult to achieve, regardless of the parameters used, including the absorption coefficient, particle size distribution, phosphor density, scattering model, and phosphor morphology. Numerous attempts to develop an accurate simulation platform have provided suboptimal results, thereby indicating that accurate simulation requires substantial effort and experience because the microscope properties of phosphor are unavoidable for accurate simulation [24] [25] [26] [27] [28] . Despite these efforts, predicting the spectrum precisely when the package design or type of phosphor changes in real cases remains difficult. Different phosphors have different crystal phases, particle size distributions, and morphologies, which are hard to measured and define specifications for. The phosphor particle size distribution and morphology are the main factors affecting the accuracy of a simulation model. However, even when all the essential information from the emitting materials is measured to predict the performance of WLEDs, the simulation remains restricted to a narrow range, such as single-package geometry, as well as the fixed physical properties of phosphor. Therefore, this paper presents a novel method based on a wavelength conversion concept instead of a traditional complex simulation in order to increase the consistency between predicted results and experimental data. The proposed wavelength conversion method is more suitable than microcosmic concepts involving complicated scattering cases, which lead to unpredictable simulation results.
A novel method based on the down-conversion luminescence efficiency (DCLE) concept is employed to predict the performance of the LED, including the pumping source and emitted photons for any package design. The major difference between this model and traditional simulations is that it is easier to measure the parameters required when using out method, and it is more straightforward to correlate the total absorption ratio to the phosphor concentration in real applications. We believe that this method will accelerate the development of WLED applications because of its simplicity, high accuracy, and lack of rigorous restrictions. Figure 1 is the schematic of a WLED used for the novel model in this study. A dispensing package was used as the template. In general, the white light emitted by a WLED comprises blue photons and fluorescent yellow rays emitted from the phosphor. Here, the white light was divided into two parts to analyze the wavelength conversion between the BLEDs and the phosphors. The algorithm for the phosphor conversion system was developed by analyzing the wavelength conversion between the two parts in an emission spectrum of white light.
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Phosphor Conversion Model Based on the DCLE Concept
To develop an optical model of the WLED, the DCLE mechanism was identified as a phenomenological approach. Where I is the fraction of leakage from the pumping light source (blue rays) and PB-LED is the radiant flux of the BLED in the package. Hence, the down-converted light could be reformulated and written as follows: 
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where E λp−λph1,PKG represents the extraction efficiencies of blue light, emission light, and the material. All calculations were performed according to the flowchart in Figure 2 . First, two samples were prepared: A BLED without phosphor coating and a BLED with phosphor coating (i.e., a WLED).
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All calculations were performed according to the flowchart in Figure 2 . First, two samples were prepared: A BLED without phosphor coating and a BLED with phosphor coating (i.e., a WLED). Next, the value of the leakage fraction I was varied by changing the blue-to-white-light ratio. The spectra simulated according to the DCLE theorem can be used to calculate the CIE1931 coordinate and the luminous flux. Figure 4 shows the calculation results for different I values. Table 1 presents the calculation results for different leakage fractions. The distribution of the visual function shows that human eyes are more sensitive at 550 nm; thus, one part of the emission spectrum accounts for a predominant portion of the luminous flux. The more energy the part emits, the higher the value of luminous flux is. This type of wavelength conversion also leads to higher values of color coordinates. Next, the value of the leakage fraction I was varied by changing the blue-to-white-light ratio. The spectra simulated according to the DCLE theorem can be used to calculate the CIE1931 coordinate and the luminous flux. Figure 4 shows the calculation results for different I values. To verify the precision of the DCLE concept of phosphor conversion in the LED package, we investigated the relationship between the calculation and experimental results at various phosphor concentrations. We applied a surface-mounted device (SMD) type 3030 (3.0 × 3.0 mm 2 ) LED, with a configuration consisting of 22 × 35-mil blue die operating at 60 mA (Lextar Electronics Corporation, Hsinchu, Taiwan); a YAG phosphor mixture (NYAG4 from Intematix, CA, USA) was used in varying concentrations from 10% to 50%. Optical measurements were performed using a spectrometer: CAS 140CT (Instrument System GmbH, Munich, Germany), with a 50-cm integrating sphere and 0.5 nm resolution. Figure 5 demonstrates that the luminous flux depends on the leakage fraction. Our results demonstrated a high linear correlation under 50% concentration and a low junction temperature of <60 °C. It therefore should carefully control the LED package design to avoid concentration quench and phosphor thermal quench as not to cause a failed prediction. According to our past experiences, the leakage ratio should be not lower than 0.2 as not to cause concentration quench in a normal case, and lower junction temperature of <100 °C for the most commonly used materials such as YAG and red nitride phosphor in lighting applications. Therefore, DCLE could be a favorable concept for application without difficult-to-measure parameters or any limitation on the package or phosphor type used. Moreover, the target CIE coordination of the LED package for different applications depends on the phosphor concentration applied in real cases. Hence, we derived the following equations based on the weight percentage of the phosphor, instead of the leakage fraction. We used the total absorption ratio At, (which is equal to 1 − leakage fraction (I)) for the subsequent model derivation. Table 1 presents the calculation results for different leakage fractions. The distribution of the visual function shows that human eyes are more sensitive at 550 nm; thus, one part of the emission spectrum accounts for a predominant portion of the luminous flux. The more energy the part emits, the higher the value of luminous flux is. This type of wavelength conversion also leads to higher values of color coordinates. To verify the precision of the DCLE concept of phosphor conversion in the LED package, we investigated the relationship between the calculation and experimental results at various phosphor concentrations. We applied a surface-mounted device (SMD) type 3030 (3.0 × 3.0 mm 2 ) LED, with a configuration consisting of 22 × 35-mil blue die operating at 60 mA (Lextar Electronics Corporation, Hsinchu, Taiwan); a YAG phosphor mixture (NYAG4 from Intematix, CA, USA) was used in varying concentrations from 10% to 50%. Optical measurements were performed using a spectrometer: CAS 140CT (Instrument System GmbH, Munich, Germany), with a 50-cm integrating sphere and 0.5 nm resolution. Figure 5 demonstrates that the luminous flux depends on the leakage fraction. Our results demonstrated a high linear correlation under 50% concentration and a low junction temperature of <60 • C. It therefore should carefully control the LED package design to avoid concentration quench and phosphor thermal quench as not to cause a failed prediction. According to our past experiences, the leakage ratio should be not lower than 0.2 as not to cause concentration quench in a normal case, and lower junction temperature of <100 • C for the most commonly used materials such as YAG and red nitride phosphor in lighting applications. Therefore, DCLE could be a favorable concept for application without difficult-to-measure parameters or any limitation on the package or phosphor type used. Moreover, the target CIE coordination of the LED package for different applications depends on the phosphor concentration applied in real cases. Hence, we derived the following equations based on the weight percentage of the phosphor, instead of the leakage fraction. We used the total absorption ratio A t , (which is equal to 1 − leakage fraction (I)) for the subsequent model derivation. 
Novel Model for Phosphor Wavelength Conversion
In the proposed absorption model, the total absorption ratio At can be written as:
where A is the absorption ratio of each particle from the emission material and n is the statistical mean average number of absorption processes that the LED beam undergoes inside the phosphor material. In addition to these parameters, the absorption curve is affected by the LED package; consequently, the fixed term Asystem is added to Equation (2) . To analyze the parameters of the absorption curve, Equation (2) can be rewritten as follows:
here, n is a key parameter supposed to be highly related to the weight index w, which represents the total weight of the phosphor grains. Because the greater the phosphor quantity, the higher the excitation possibility. For the purpose of performing this calculation, an assumption of the excitation model is presented in Equation (4). The excitation times of phosphor n is affected by the optic length (OL) and the probability of pumping. The OL depends on the packaging system used, and the probability of pumping is related to the sum of the volume of the phosphor v within the system volume V. It is also proportional to the surface area of the phosphor, and hence, the fixed term 4πr / πr is added to Equation (4):
where the effective radius of the phosphor r = (3v/4Nπ) 1/3 and the parameter N is the number of phosphor particles. Then, Equation (4) can be arranged as Equations (5) and (6): 
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where the coefficient C includes OL, N, V, d, and other geometric terms, and d and w represent the density and total weight of the phosphor, respectively. Equation (3) can then be written as follows:
The important parameters in the preceding equation are A t and w, which is the total weight of phosphor.
To simplify the equation, the parameters C and (1 − A) are combined as C . This equation can be split into Equations (8) and (9) .
We performed experiments by packaging yellow YAG and silicate phosphor in an LED package and measuring the real A t values to verify our proposed model. We used the aforementioned SMD from Lextar Electronic along with YAG and silicate phosphor mixture (NYAG4 and Y4453 from Intematix, Fremont, CA, USA) and silicone resin (6631; Dowcorning, Midland, MI, USA). The emission peak and particle size were respectively 560 nm and 15 µm for YAG and 563 nm and 20 µm for silicate phosphor. Equation (9) can be used to predict A t in terms of weight percentage. To prove the preceding assumption, we performed experiments using the various values listed in Table 2 . Figure 6 shows that the coefficients of determination (R squared) are 99.68% for YAG and 99.65% for silicate in the 3030 LED package, which demonstrated a strong linear relationship between lnA t and w 2/3 . These real packaging data, regardless of whether it was YAG or silicate phosphor, fulfilled the aforementioned proposed model. Thus, according to this novel method, a precise phosphor conversion system is feasible. Figure 6 shows that the coefficients of determination (R squared) are 99.68% for YAG and 99.65% for silicate in the 3030 LED package, which demonstrated a strong linear relationship between lnAt and w 2/3 . These real packaging data, regardless of whether it was YAG or silicate phosphor, fulfilled the aforementioned proposed model. Thus, according to this novel method, a precise phosphor conversion system is feasible. 
Conclusions
This paper presented a method for calculating phosphor conversion efficiency from the viewpoint of wavelength conversion. Our proposed algorithm successfully correlates the total absorption ratio A t to the phosphor concentration and thus can accurately predict the efficacy and spectrum even for different phosphor types with random sizes and morphologies. In this work, an algorithm was used to derive a simple equation for estimating the spectra and lumen output of silicate and YAG phosphors in the same package by varying their concentrations. The use of only YAG or only silicate phosphor, typically results in cool white light with relatively high CCT and poor CRI, which reflects their application in room WLED-used lighting. Therefore, various Mn4+-doped fluoride/oxide narrow-band red-emitting phosphors have been extensively studied for their high photoluminescence quantum yields, exhibiting broadband absorption in the blue region and narrow-band emission in the red spectral region [29] . By applying the model discussed in this paper, it is also possible to accurately simulate phosphor conversion efficiency of "warm" WLEDs with the addition of a red-emitting phosphor to YAG/silicate yellow phosphor. We believe that our novel and efficient method can accelerate the development of many novel luminescent materials in different design packages. 
